Individual variations in animal behaviour can be used to describe relationships between different constructs, as well as the underlying neurobiological mechanisms responsible for such variation. In humans, variation in the expression of certain traits contributes to the onset of psychopathologies, such as drug addiction. Addiction is characterised by persistent drug use despite negative consequences, but it occurs in only a sub-population of drug users. Compulsive drug use is modelled in laboratory animals by punishing a drug-reinforced operant response. It has been reported that there is individual variability in the response to punishment, and in this report we aim to further define the conditions under which this variation can be observed. We have previously used footshock punishment to suppress alcohol seeking in an animal model of context-induced relapse to alcohol seeking after punishment-imposed abstinence. Here we present a re-examination of the training and punishment data from a large cohort of rats (n = 499) collected over several years. We found evidence for a bimodal distribution in the response to punishment in alcohol preferring P rats. We only observed this population split when rats received constant shock intensity for three sessions, but not when increasing shock intensity was used. This observation provides evidence for the existence of two distinct groups of rats, defined by their response to punishment, in an otherwise homogeneous population. The implications of this observation are discussed in reference to prior observations using punishment of other addictive drugs (cocaine and methamphetamine), the potential causes of this phenomenon, and with broader implications for the cause of alcohol and drug addiction in humans.
Introduction
Individual variations in animal behaviour can be a source of frustration in behavioural studies, but if predictable, this variability can be used to describe relationships between different constructs, as well as the underlying neurobiological mechanisms responsible for such variation. The causes of individual variability in animal studies are also of interest because, in humans, variation in the expression of certain traits contributes to the onset of psychopathologies. For example, in the addiction literature, it is often noted that only a low percentage of total drug users become addicted (Anthony et al., 1994; Nutt et al., 2007) . The causes of the transition from controlled drug use to addiction in this sub-population of users have been the focus of an extensive amount of preclinical literature (Piazza and Deroche-Gamonet, 2013; Everitt and Robbins, 2016) . Behaviours such as locomotor activity in a novel context (Piazza et al., 1989) , impulsive choice (Belin et al., 2008) , novelty seeking , sign tracking (Flagel et al., 2008) , and choice for sucrose over cocaine (Lenoir et al., 2007) , all show population-level variability in response to identical training parameters that have predictive value towards other measures related to the behavioural effects of cocaine or amphetamine (but see (Badiani et al., 2011) showing a different pattern of results with opioid drugs).
One of the core aspects of drug addiction is compulsive use, defined as continued drug use despite the knowledge of the negative consequences that occur because of drug use, such as loss of job, relationship breakdowns, and drug use in the face of danger (Hasin et al., 2013) . Indeed, among the 11 criteria used to diagnose addiction according the DSM 5, different aspects of compulsive behaviour and failures of control represent a significant proportion (Hasin et al., 2013 ). An important question regarding the cause of this phenomenon is: why do the negative consequences cause a change in behaviour in some individuals but not others?
Pre-clinical studies have used footshock punishment of a drug-reinforced action in laboratory animals to study compulsive use (Grove and Schuster, 1974; Smith and Davis, 1974; Spealman, 1979; Panlilio et al., 2003; Deroche-Gamonet et al., 2004) , although other methods are also used, including quinine adulteration in alcohol (Wolffgramm, 1991; Hopf et al., 2010) , and intravenous histamine injection (Goldberg, 1980) . One relatively consistent finding in more recent studies is that a sub-group of rats persist with drug self-administration in the face of punishment (Deroche-Gamonet et al., 2004; Vanderschuren and Everitt, 2004; Pelloux et al., 2007; Seif et al., 2013; Cadet et al., 2016a,b) . Studies have shown that extended access to cocaine is a necessary factor leading to compulsive cocaine seeking in a sub-population of rats (Vanderschuren and Everitt, 2004; Pelloux et al., 2007) . However, individual differences in punishment sensitivity also emerge in populations with similar levels of intake of cocaine (DerocheGamonet et al., 2004) , methamphetamine (Cadet et al., 2016a,b) or alcohol (Seif et al., 2013) self-administration. Whilst sufficient drug intake is a critical experimental factor, there is still insufficient evidence regarding the cause of punishment-resistant, drug-reinforced operant behaviour. A better understanding of the experimental parameters necessary to observe punishment-resistant drug seeking will help clarify the underlying psychological and neural mechanisms.
In this paper we present a re-examination of data from a series of behavioural studies (total n = 499 alcohol preferring P rats) conducted over 3 years where the parameters for alcohol self-administration and footshock punishment were consistent (Marchant et al., , 2016 Marchant and Kaganovsky, 2015) . We found that three sessions of punishment at a constant, mild shock intensity (0.3 mA) reveals a population distribution that is best described as bimodal, a feature that has been observed in prior studies of punishment resistance in rats trained to self-administer cocaine or alcohol (Seif et al., 2013) . However, a different group of rats that received increasing shock intensity (up to 0.5 mA) exhibited almost total suppression of alcohol self-administration. In the sections below, we first describe the experimental findings and then discuss the methodological and theoretical implications of these findings to preclinical addiction research and human addiction.
Methods

Subjects
We received male alcohol-preferring P rats (~30 days old, total n = 499) from Indiana University Medical Centre and housed them singly under reverse 12-h light/dark cycle (lights on 08:00) with food and water available ad libitum. We performed all experiments in accordance with the Guide for the Care and Use of Laboratory Animals (8th edition) and the Animal Care and Use Committee of IRP-NIDA approved all protocols.
We conducted all experiments between September 2012 and November 2015 and the data contributed to several papers (Marchant et al., , 2016 Marchant and Kaganovsky, 2015) . Most rats underwent a surgery of some kind after the homecage phase but prior to self-administration. The surgical technique was similar for all rats. We anesthetised rats with 100 mg/kg ketamine + 10 mg/kg xylazine (intraperitoneally) or isoflurane (5% induction; 2-3% maintenance). We injected rats with buprenorphine (0.1 mg/kg, s.c.) or ketoprofen (2.5 mg/kg, s.c., Butler Schein) after surgery and the following day (ketoprofen) to relieve pain and decrease inflammation, and we gave rats 3-5 days recovery after surgery before starting the self-administration sessions. The specific surgery varied between different experiments, and within this data set there are rats with intra-cranial cannula implants (n = 183), optogenetic virus and fiber implants (n = 71), cholera toxin B (CTb, a retrograde tracer) injection (n = 69), chemogenetic virus injection (n = 166), and surgically naïve rats (n = 10). The brain regions targeted throughout these experiments also varied. However, all data presented in this paper are from behavioural sessions that occurred prior to any experimental manipulations of neuronal activity.
Apparatus
We used standard operant chambers (Med Associates), which were enclosed in ventilated sound-attenuating cubicles. Each chamber was equipped with one retractable lever (designated as "active") and one non-retractable lever (designated as "inactive"). The grid floors were connected to shockers. We used two contexts for self-administration and punishment, as previously described in Marchant et al. (2013) . The contexts had the following different features: grid width (narrow/ wide), illumination level (white/red house light), background noise (fan on/off), and background cues (food container present/absent within the operant chamber), cabinet doors (closed/open). Whether a context was used for alcohol self-administration or punishment was counterbalanced.
Experimental procedure
The behavioural procedure consisted of three phases (Fig. 1 ).
Phase 1: home-cage alcohol
We used the intermittent access (3-4 times/week) alcohol procedure (Wise, 1973; Simms et al., 2008) , in which rats received 12 × 24-h sessions of access to one bottle of 20% alcohol and one water bottle. Alcohol solutions were prepared in tap water from 100% (v/v) ethanol in standard rat water bottles. Daily sessions began at 09:00. After 24-h, the alcohol bottle was replaced with a second water bottle for a further 24-h. The following day, the second water bottle was replaced with the 20% alcohol bottle and the location of the alcohol bottle was alternated from the previous session. Total alcohol consumption in grams was calculated for each session, using the weight difference between the beginning and end of the session, minus 2 g for spillage, multiplied by 0.97 (density of 20% ethanol).
Phase 2: alcohol self-administration
All rats received two 2-h magazine-training sessions where 0.1 ml of alcohol was delivered non-contingently every 5-min and paired with a 2-s tone-light cue. Next, the rats were trained for six 2-h self-administration sessions under a fixed-ratio 1, fixed-interval-20 (FI-20) schedule of reinforcement where an active lever press resulted in the delivery of 0.1 ml of 20% alcohol into the receptacle via a 12-gauge blunt needle connected to a 60-ml syringe controlled by a Razel pump. Each alcohol infusion was paired with a 2-s tone-light cue. This was followed by a 20-s timeout period where lever presses were recorded but not reinforced. The initiation of each session was signaled by the illumination of the house light and the insertion of the active lever into the chamber. Inactive lever presses had no programmed consequences. Following FI-20 training, we trained rats on a fixed-ratio 1, variable-interval 30-s (VI-30) schedule of reinforcement for six 2-h sessions. During the VI-30 sessions, alcohol delivery was available after an active lever press at pseudo-random intervals (from 1 to 59-s) after the preceding alcohol delivery.
Phase 3: Punishment of alcohol self-administration
We then trained the rats, during 2-h sessions, to self-administer alcohol in an alternate context (context B) under the same VI-30 schedule of reinforcement. Active lever presses resulted in the delivery of 0.1 ml of 20% alcohol paired with the 2-s tone-light cue. During punishment, 50% (pseudorandom) of the reinforced active lever presses resulted in a 0.5-s footshock. Punished active lever presses resulted in immediate footshock, 2-s tone-light cue, and alcohol delivery. Unpunished reinforced active lever presses resulted in 2-s tone-light cue and alcohol delivery. Time-out lever presses were never punished. Inactive lever presses had no consequences. We used 2 different punishment conditions. For the first cohort (n = 273; Fig. 1A ), we gave the rats three 2-h sessions over 3 days with the shock intensity set at 0.3 mA. We gave rats with > 20 active lever presses additional punishment sessions with higher shock intensity. However these data are not shown because of the variable treatment (typically we did not give the fully suppressed rats more punishment sessions, but this did vary). For the second cohort (n = 226; Fig. 1B) , we gave the rats five 2-h sessions over 5 days and the shock intensity started at 0.1 mA on the first session, and increased each day by 0.1 mA until session 5 (0.5 mA).
Statistical analysis
We used the suppression ratio to analyze punishment behaviour because this method takes into account baseline alcohol self-administration (Bolles et al., 1980) . The suppression ratio is calculated as: (punishment alcohol deliveries)/(punishment alcohol deliveries + mean alcohol deliveries of last 3 non-punished sessions). This suppression ratio has a range of values from 0 to 1. A value of 0.5 represents no change in behaviour from training to punishment. A suppression ratio score of < 0.5 reflects a reduction in lever pressing during punishment, with 0 representing total suppression. A suppression ratio score > 0.5 reflects an increase in lever pressing during punishment. The frequency distributions of the suppression ratio were calculated into bins of 0.05. We used repeated measures ANOVA to compare the suppression ratio between punishment sessions 1, 2, and 3 in the constant shock group (within-subjects). After categorising the rats based on their punishment suppression ratio, we used repeated measures t-tests to compare the suppression ratio between punishment sessions 1 and 3 in cohort 1 (within-subjects). To compare the suppression ratio of cohort 1 punishment session 1 to cohort 2 punishment session 3 (between-subjects), we used an independent-samples t-test. We used repeated-measures ANOVA to compare measures of alcohol self-administration (home-cage alcohol consumption, alcohol deliveries, total active lever presses, time-out lever presses) in rats categorised based on their suppression ratio on punishment day 3 (cohort 1 only). Spearman's rho correlations were conducted (cohort 1 only), on the following measures: mean home-cage alcohol intake (g/kg/24 h), mean alcohol deliveries (last 3 sessions), mean active lever presses (last 3 sessions), mean timeout lever presses (last 3 sessions), and the suppression ratio for each of the 3 punishment days. We used the nonparametric correlation method (Spearmans) because the suppression ratio on punishment session 3 was not normally distributed. Because of the large sample size (n = 499), the significance level was set at 0.01. All statistical analyses were performed using SPSS (IBM SPSS Statistics, version 22).
Results
Population distribution of the suppression ratio in alcohol preferring P rats
Fig. 2A-C shows the frequency distribution of suppression ratio for rats in cohort 1, which received constant shock intensity (0.3 mA) over three sessions. In the first session, the population distribution of the suppression ratio approximates a normal distribution. However, a bimodal distribution emerges by the third session. Repeated measures ANOVA revealed a significant effect of punishment session (F (1,272) = 77; p < 0.001), and post-hoc t-tests revealed a significant difference in suppression ratio between punishment sessions 1 and 3 in the constant shock group (t (272) = 8.8, p < 0.001). These results show that there is a significant change in the behavioural response to punishment after 3 sessions at the same shock intensity.
Fig . 2D -H shows the frequency distribution of suppression ratio for rats in cohort 2 on their first (0.1 mA), second (0.2 mA), third (0.3 mA), fourth (0.4 mA), and fifth (0.5 mA) punishment session. The data show that increasing the shock intensity each day to 0.5 mA results in almost total suppression of alcohol self-administration. Because the third punishment session of cohort 2 was the time point that cohort 1 has split into a bimodal population, we were interested in comparing the suppression ratio of the first session with mild shock intensity (0.3 mA) between the two cohorts. Statistical comparison between cohort 1 ( Fig. 2A ) and cohort 2 (Fig. 2F ) revealed no significant difference (t (497) = − 2.0; p = 0.048). This shows that the first punishment session at 0.3 mA leads to a similar amount of suppression whether it is the first punishment session (Cohort 1; Fig. 2A ) or the third punishment session that was preceded by two sessions with lower shock intensity (Cohort 2; Fig. 2F ).
In summary, these suppression ratio data show that, under our training parameters, increasing the shock intensity (to 0.5 mA) results The suppression ratio is calculated using the number of alcohol deliveries on each punishment session divided by (the number of alcohol deliveries on each punishment session + the mean alcohol deliveries of the last 3 sessions of alcohol self-administration). (A-C) Frequency distribution of the suppression ratio for cohort 1, which received constant shock intensity (0.3 mA) over three sessions.
(D-H) Frequency distribution of the suppression ratio for cohort 2, which received increasing intensity (+ 0.1 mA per session) over five sessions.
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Categorisation of groups based on the suppression ratio (cohort 1)
The phenomenon of punishment-resistance has potential utility as a model of aversion-resistant, or compulsive drug seeking. The bimodal distribution in the suppression ratio suggests there are indeed two distinct groups within this population that respond to punishment differently. However, when converting a continuous variable to a categorical variable, it can be difficult to justify where to define the groups. In support of splitting the rats into groups, the correlation analysis (in cohort 1) shows a high correlation between the suppression ratio on punishment session 1 and session 3 (Table 1 ). This indicates that the rats with the highest suppression ratio on punishment session 1 are generally the same rats with the highest suppression ratio on punishment session 3.
For the categorical analyses, we first divided the rats into two groups, based on a suppression ratio of 0.25. This represents a half-way point between total suppression (0.0) and no suppression (0.5), and it also represents the trough of the bimodal distribution (see Fig. 3C ). Rats with a suppression ratio ≤ 0.25 were classified as "punishment-sensitive" (group Low) and rats with suppression ratio > 0.25 were classified as "punishment-resistant". This resulted in two groups from the original 273 rats, with 116 punishment-sensitive rats, and 157 punishment-resistant rats. We further divided the punishment-resistant rats into groups Medium (suppression ratio: 0.26-0.50, n = 128), and High (suppression ratio: 0.51+, n = 29). We performed repeated measures t-tests comparing the suppression ratio on punishment session 1 and session 3 for each of the three categories. In group Low we found a significant difference (t (115) = 20; p < 0.001), showing that these rats have greater suppression on session 3 compared to session 1. Interestingly, we also found a significant difference in group High (t (28) = − 6.9; p < 0.001), but in contrast their suppression ratio was higher on session 3 compared to session 1. Finally, in group Medium we found no significant difference (t (127) = 0.7; p > 0.01), showing that for this group there was no change in punished alcohol seeking from session 1 to session 3.
In summary, these data show that the shift from a relatively unimodal distribution to a bimodal distribution within the total population primarily comes from the punishment-induced reduction in alcohol seeking in the punishment-sensitive group across the three punishment sessions. In the punishment-resistant group, the majority does not significantly change their responding in response to punishment, but there is a small proportion of this group (~18%) that actually increases alcohol seeking across the three punishment sessions.
Relationship between alcohol self-administration and the punishment suppression ratio
One important question about the cause of the punishment-resistant phenotype is whether rats persist because of higher motivation for alcohol. To answer this question we re-analysed the alcohol self-administration data in two ways based on the categorisation described above. In the first analysis we used two categories (punishment-sensitive, punishment-resistant), and in the second we used three categories, splitting the punishment-resistant rats into Medium and High.
Using two categories, statistical analysis of the 12 home-cage alcohol sessions revealed no effect of the suppression ratio category (F 1,271 = 5.0, p = 0.03). Statistical analysis of the last 6 sessions of alcohol self-administration (when the reinforcement schedule was the same as during punishment but punishment had not yet commenced) revealed a significant effect of the suppression ratio category on total active lever presses (F 1,271 = 20.3, p < 0.01), and time-out lever presses (F 1,271 = 21.3, p < 0.01). Interestingly, for alcohol deliveries there was a trend towards a significant difference (F 1,271 = 9.1, p = 0.03). There were no significant interactions between these measures and the suppression ratio category (Fs < 1.5). These results show that the rats categorised as punishment-resistant (i.e. suppression ratio > 0.25) had higher alcohol seeking prior to punishment. However, alcohol taking was not significantly different (alcohol deliveries), and the biggest difference between these groups was in the time-out lever presses. Furthermore, the correlation analysis shows no significant correlation between the suppression ratio and measures of alcohol self-administration prior to punishment (see Fig. 4A -C and Table 1 ), suggesting that responding for alcohol does not reliably predict the response to punishment.
We found that alcohol seeking (active lever presses and time-out active lever presses) is higher in the punishment-resistant group, but we failed to observe a significant correlation between the suppression ratio and measures of prior alcohol seeking. In order to explore the source of this variance, we performed a second categorical analysis using three groups. Fig. 3D -G shows alcohol self-administration data from rats in cohort 1 based on the three categories (Low (0-0.25, n = 116), Medium (0.26-0.50, n = 128), and High (0.51 +, n = 29). It can be seen that the rats in group High are consistently lower than group Medium in these measures and this is supported by statistical analysis. While we found the same main effects of punishment category on measures of alcohol self-administration (F 2,270 > 8), the post-hoc analyses revealed Table 1 Correlations between suppression ratio and measures of alcohol self-administration. Spearman's rho correlations from the data of cohort 1 between the suppression ratio of the three punishment sessions and mean home-cage alcohol consumption (g/kg/24 h), the mean of the last three self-administration sessions for alcohol deliveries (Deliveries), total active lever presses (Active LP), total time-out lever presses (Time-out LP). Numbers represent the spearman rho value. Because of the high n (273), alpha was set to 0.01. LP, lever press; SR, suppression ratio. Bold text indicates significant correlation (p < 0.01).
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Progress in Neuropsychopharmacology & Biological Psychiatry 87 (2018) 68-77 that in each measure there was no significant difference between groups Low and High in alcohol deliveries, active lever presses, and time-out lever presses (p > 0.05 for each test). Indeed, there was a trend towards significantly lower alcohol deliveries in group High compared to group Medium (p = 0.023). Thus, the rats with the highest suppression ratio (i.e. > 0.50) had lower alcohol taking and seeking responses than the rats in the middle group (i.e. between 0.26 and 0.50). This shows that alcohol self-administration is not a reliable predictor of subsequent punishment-imposed suppression. Finally, the majority of alcohol seeking and taking occurs in the first 20 min of a session, so we were interested in whether the rate of alcohol self-administration during this time is related to the suppression ratio. Fig. 4D -F shows scatter plots of the alcohol self-administration data mean of the first 20 min for each rat based on their suppression ratio. Statistical analysis revealed no significant relationship between the suppression ratio and the measures of alcohol self-administration in the first 20 min (see Table 2 ).
In summary, these results show that, at least under the conditions used here, the amount of suppression induced by punishment of alcohol-reinforced responding is not related to the rate of selfadministration prior to punishment.
Discussion
In this report we present a re-examination of alcohol self-administration and punishment data from a large cohort of alcohol preferring P rats. Our results provide evidence for a bimodal distribution in the response to punishment when constant shock intensity (0.3 mA) is used over multiple sessions. In contrast, increasing shock intensity over multiple sessions from 0.1 mA to 0.5 mA resulted in uniform suppression across the population. The underlying cause of individual differences in punishment sensitivity under constant shock intensity is unknown. This data set provides some evidence that the punishmentresistant rats had higher rates of prior alcohol self-administration. However, we observed only weak correlations between several measures of alcohol self-administration and the punishment suppression ratio. Thus, although we have not directly assessed motivation for alcohol, these data highlight the possibility that motivation for alcohol is not necessarily a key factor determining the response to punishment, suggesting that punishment-resistant operant behaviour may be a Fig. 2A-C . We divided the rats into 3 groups based on the suppression ratio in punishment session 3; the 'punishment-sensitive' group (white bars) with suppression ratio ≤ 0.25; the 'punishment-resistant' was divided into Medium (grey bars: suppression ratio between 0.25 and 0.50) and High (red bars: suppression ratio ≥ 0.51). (D-F) Alcohol self-administration from cohort 1. (D) Home-cage alcohol consumption (g/kg/24-h) across the 12 home-cages alcohol sessions. (E) Alcohol deliveries across the final 6 self-administration sessions and the 3 punishment sessions. (F) Total active lever presses across the final 6 selfadministration sessions and the 3 punishment sessions. (G) Total time-out active lever presses across the final 6 self-administration sessions and the 3 punishment sessions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) N.J. Marchant et al. Progress in Neuropsychopharmacology & Biological Psychiatry 87 (2018) 68-77 consequence of factors other than a high motivation for reward.
Limitations and alternative explanations
An important consideration when interpreting these data is whether the underlying cause is a difference in pain threshold or shock sensitivity. Whilst we cannot explicitly exclude this interpretation, we argue that this is not the case because there is a lack of evidence for such a difference in the literature. The few studies that have used footshock in P rats have not reported any within-group differences (McKinzie et al., 2000; Vengeliene et al., 2003) . Our own anecdotal observations were that the punishment-resistant rats still displayed a strong reaction when shock was delivered, suggesting they do sense the shock, however, we do not have empirical data on this point.
Another possible alternative explanation is that the analgesic action of alcohol is, in part, responsible for the punishment-resistant phenotype. However, in a study measuring lever pressing for food under risk of punishment, Mitchell et al. (2011) reported that i.p. injections of alcohol up to 1.5 g/kg had no effect on choice for the large reward paired with punishment (0.4 mA). This dose of alcohol is higher than the rats in our studies typically obtained in a 2-h self-administration session (mean~1 g/kg/session). Therefore, any potential role for the analgesic effect of alcohol contributing to the data observed in our report can be considered unlikely. However individual differences in the anxiolytic response to alcohol also remain an untested possibility.
Finally, one important consideration when interpreting these data is that different contexts were used for alcohol self-administration and punishment. While the specific contexts that served as the alcohol and punishment context were counterbalanced, it is possible that this manipulation had some impact on the effect of punishment. However, similar types of splits in the population have been reported previously in single context designs (Pelloux et al., 2007; Seif et al., 2013; Krasnova et al., 2014) , suggesting that the change in context is not a significant factor causing the individual variability in response to punishment.
Relationship between alcohol seeking and taking prior to punishment and the response to punishment
In this report, we found no evidence that the amount of alcohol intake reliably predicts the response to punishment. This finding is similar to a previous study examining punishment of alcohol self-administration that reported no relationship between baseline alcohol self-administration and subsequent suppression by punishment (Seif et al., 2013) . Furthermore, it is worth emphasizing that our report describes a population split in a strain of rats (P rats) that have been selectively bred for high-alcohol consumption (Li et al., 1979) . This shows that the genetic mechanism by which the rats were selected for to increase their alcohol intake, of which a loss of the metabotropic glutamate receptor 2 (mGluR2) is one critical factor (Zhou et al., 2013) , does not impact the response to punishment. This provides further indirect evidence that alcohol intake is not a critical determinate of the response to punishment of alcohol reinforced responding. These data suggest that motivation for alcohol and the response to punishment are mediated by orthogonal factors. However a recent study by Giuliano et al. (2017) used a progressive ratio (Richardson and Roberts, 1996) test of motivation and found evidence for a relationship between motivation for alcohol and being categorised as compulsive.
In contrast to punishment of alcohol self-administration, prior drug exposure in cocaine-trained rats increases the incidence of compulsive cocaine seeking ( . Correlation between the suppression ratio and alcohol self-administration from cohort 1. Scatter plots of the correlation between the suppression ratio (punishment day 3) and alcohol deliveries (A, D), total active lever presses (B, E), and time-out active lever presses (C, F). In A-C the measures are the mean counts for the full 2 h session of the last three sessions. In D-F measures are the mean counts for the first 20 min of the last three sessions.
Table 2
Correlations between suppression ratio and measures of alcohol self-administration in the first 20 min. Spearman's rho correlations from the data of cohort 1 between the suppression ratio of punishment session 3 and mean of the first 20 min of last three selfadministration sessions for alcohol deliveries (Deliveries), total active lever presses (Active LP), and total time-out lever presses (Time-out LP). Numbers represent the spearman rho value. Because of the high n (273), alpha was set to 0.01. LP, lever press; SR, suppression ratio.
Deliveries
Active LP Time-out LP SR Deliveries Active LP 0.89
0.14 p = 0.025 0.14 p = 0.023 N.J. Marchant et al. Progress in Neuropsychopharmacology & Biological Psychiatry 87 (2018) 68-77 for this, our data show no evidence that the amount of alcohol taken during self-administration predicts the response to punishment, but this does not rule out the possibility that duration of alcohol exposure contributes to the development of punishment-resistant alcohol seeking. Therefore, it is likely that there are important differences in the factors that lead to punishment-resistant alcohol versus cocaine seeking. However, studies examining the effect of punishment of methamphetamine self-administration have consistently shown no difference in drug intake between groups that are punishment-sensitive or punishment-resistant (Cadet et al., 2016a,b; Torres et al., 2017) . In addition, the conflict model has shown that increasing the shock intensity can fully suppress cocaine seeking (Cooper et al., 2007) . This suggests that other experimental factors such as the schedule of punishment, as well as the use of a seeking-taking chain for self-administration and punishment (Pelloux et al., 2007; Chen et al., 2013) contribute to the observation of intake dependent sensitivity to punishment.
Relationship between punishment parameters and compulsive drug seeking
This report shows the emergence of a punishment-resistant phenotype across multiple sessions with the same shock intensity. However, in these experiments we were always able to achieve total suppression by punishing alcohol self-administration with increased shock intensity in the following sessions (data not shown). Thus, even the punishmentresistant rats completely suppress alcohol self-administration given sufficient shock intensity. A similar finding has been observed with methamphetamine self-administration, where daily increments of shock intensity (up to 0.6 mA) lead to total suppression of methamphetamine seeking (Krasnova et al., 2014) . However, a similar population split is observed when mild shock intensity (up to 0.36 mA) is used over multiple sessions (Cadet et al., 2016a,b) . These data show that punishment-resistant drug self-administration is only seen when the parameters are set to observe it, and with sufficiently high enough shock intensity all rats are punishment-sensitive.
The fact that sufficiently intense punishment can suppress drug-reinforced operant responding in all rats does not diminish the observation that punishment with mild shock intensity over several sessions reveals two groups of rats. Importantly, the bimodal nature of resistance to punishment has been previously observed in experiments using vastly different self-administration and punishment parameters Seif et al., 2013) . Furthermore, even punishment of optogenetic self-stimulation of ventral tegmental area dopamine neurons reveals two populations based on the response to punishment (Pascoli et al., 2015) . In this study, the proportion of punishment-resistant mice was higher when the response was reinforced with optogenetic stimulation compared to cocaine or sucrose. This finding suggests that the punishment resistant phenotype is dependent upon the nature of the reinforcer. However, individual differences within the population were still evident using a non-physiological reinforcement stimulus. Therefore, the existence of two groups with different responses to punishment is likely a more broadly applicable phenomenon than to just the parameters used in this study. This finding suggests that specific conditions exist to reveal the emergence of a punishment-resistant phenotype. The shock intensity is a primary factor, because if the shock intensity is too high then all rats suppress their intake. However, in this study it is evident that multiple sessions of punishment using mild shock intensity are also necessary to reveal this phenotype. Thus, one important factor contributing to the emergence of the punishmentresistant phenotype might be the type of learning that occurs across the different sessions.
What learning mechanisms are involved in the different responses to punishment?
Relevant to this point is a theoretical account of what learning occurs during punishment. The evidence that instrumental behaviour is controlled by a representation of the outcome has been conclusively shown (Adams and Dickinson, 1981; Balleine and Dickinson, 1998) . As such, it is reasonable to assume that punishment learning involves the acquisition of a second instrumental response-outcome (R-O; i.e. lever press-shock) association that is motivationally opposite to the original R-O (i.e. lever press-alcohol) association. However, additional learning of a Pavlovian stimulus-outcome (S-O; i.e. lever-shock) relationship is unavoidable. The extent to which the Pavlovian or instrumental contingencies mediate the punishment-induced suppression of lever pressing is still not fully understood. In a series of elegant studies, Bolles et al. (1980) provided evidence for both S-O learning and R-O learning in punishment. One important observation from this study was that evidence for S-O learning emerged initially, while the evidence for R-O learning emerged towards the end of the first session, and fully by the session on the following day.
The conclusions of Bolles et al. (1980) have implications for interpretation of the data reported in our study. In the constant shock group, the initial punishment session was associated with much less suppression of alcohol self-administration compared to the third session ( Fig. 2A vs. C) . It may be the case that differences in punishment sensitivity are caused by differential engagement of the learning systems that encode R-O or S-O. However, it is not immediately clear exactly what these differences are for each group. For example, it is possible that the punishment-sensitive rats maintain an S-O association (levershock) across the three sessions, and their suppression is more akin to Pavlovian fear conditioning to the lever. In contrast, it is also plausible that the punishment-resistant rats maintain an S-O association and persist with lever pressing because they have not formed an R-O association. Or put more plainly, in the punishment-resistant rats the mild shock is not salient enough to learn that their action is responsible for the negative outcome.
An alternative explanation based on Bolles et al. (1980) is that responding in the third punishment session can be expected to be controlled by R-O associations. Interestingly, when observing our rats, we often noticed an 'approach-retreat/avoidance' behavioural pattern, where the rat would place its forepaw on the lever but return to the alcohol receptacle without pressing. Such behaviour has been noted in the literature, where it is referred to as 'abortive lever pressing responses', and studies have shown that punishment, but not Pavlovian, contingencies produce this behaviour (Hunt and Brady, 1955) . Therefore the presence of this behavioural pattern implies that the punishment-resistant rats have indeed acquired the R-O (shock) association. If we assume that rats in both groups have acquired the R-O (shock) association, then the split in the population may be explained by a difference in the associative strengths of the two motivationally opposite outcomes. In this view, the punishment-resistant rats would have stronger action-alcohol association compared to shock, or the punishment-sensitive rats have a stronger action-shock association.
One important issue that is not addressed in this report is whether the bimodal distribution in punishment sensitivity is independent of punishment history. It is unknown whether mild punishment results in the same population distribution after rats have experienced total punishment-imposed suppression. While we have not directly tested this, a recent study by Giuliano et al. (2017) reported that repeated cycles of punishment and retraining of alcohol self-administration does not alter the phenotype of punishment resistance or sensitivity, and the same pattern of responding to punishment was observed in the same rats over 10 months. Although Giuliano et al. used significantly different training and punishment schedules, such as a seeking-taking chain for reinforcement and punishment of the seeking lever presses, it does offer some insight into the stability of the punishment resistance phenotype. Regardless, it remains an open question whether a rat that has experienced total punishment-imposed suppression would still respond to mild punishment in the same way.
Ultimately, it is unknown if differences in learning mechanisms are responsible for the observed group differences, and future studies directly testing the alternative explanations are needed before any conclusions can be made. Indeed, whether it is different types of learning, increased motivation for alcohol, habituation to the shock, or some other construct (such as impulsivity) is also not known. This is an important question because differences in punishment sensitivity are exploited in animal models of compulsive drug seeking, and the physiological and psychological mechanisms may have parallels with the human condition. As discussed in the next section, human drug abusers have been shown to have dysfunction in fear learning systems, and the extent to which this relates to compulsive drug use is not known.
Relationship between compulsive drug use and fear learning
We propose that the punishment-resistant phenotype in rats is caused by dysfunction in the systems that encode aversive outcomes, and one prediction of this hypothesis is that these rats have predictable differences in other measures of aversive learning. Several studies have shown that both conditioned fear and extinction are affected by acute and chronic exposure to alcohol (Ripley et al., 2003; Bertotto et al., 2006; Lattal, 2007; Holmes et al., 2012) , and a similar finding has been reported in human alcoholics (Stephens et al., 2005) . However, two studies have directly shown that compulsive drug seeking is not associated with differences in conditioned fear responding (Vanderschuren and Everitt, 2004; Giuliano et al., 2017) . Thus, the evidence suggests that while classical fear conditioning is not different between rats that are punishment-resistant or punishment-sensitive, alcohol exposure can cause drug-induced changes in encoding aversive outcomes.
In regards to other drugs of abuse, two recent studies have shown in humans that cocaine addicted individuals have dysfunction in fear and avoidance learning. Kaag et al. (2016) examined the neural response to laboratory based fear conditioning in human cocaine addicts. They found that while there were no differences in physiological measures, the amygdala and insular cortex were hyperactive during fear conditioning in cocaine addicted individuals, compared to controls. Interestingly, the dorsomedial prefrontal cortex was hypoactive at the end of extinction, suggesting enhanced extinction. Ersche et al. (2016) found that cocaine addicted individuals have impairments in an instrumental avoidance learning task. These findings show that cocaine use disorder is associated with dysfunction in the systems that encode aversive learning, and that such dysfunction can lead to significant impairments in behaviour. These findings show that human drug users have dysfunction in the neural systems that encode aversive outcomes. The extent to which this deficit in evaluating negative outcomes contributes to compulsive drug use is not known. Whether the findings in human drug users are because of pre-existing differences, or drug-induced changes, remains to be determined. However, an interesting possibility is that addicted humans, who often display compulsive drug use, might be compulsive because of dysfunction in the systems that encode aversive outcomes in the general sense, and not just in those outcomes that occur because of drug use. If this is the case, such knowledge could be used to predict vulnerable individuals, or may be a target for novel interventions aimed at restoring control over drug use.
Conclusions
Here we describe the emergence of two populations of rats, from an otherwise seemingly homogenous group, defined by their response to punishment. Using two different punishment parameters, we show that multiple punishment sessions with constant shock intensity (0.3 mA) reveal a bimodal distribution, whereas when the shock intensity is incrementally increased to 0.5 mA the bimodal distribution is not observed. Evidence for bimodal distributions in the response to punishment have been demonstrated previously Seif et al., 2013) , and this report provides a more thorough examination of the parameters that reveal this distribution. We found only weak evidence that the response to punishment is associated with the motivation to consume alcohol. This suggests that the response to punishment and the motivation for alcohol are likely mediated by orthogonal factors. Interestingly, we see this population split in a strain of rats that have been selectively bred for high alcohol intake (alcohol-preferring P rats), providing further evidence in support of this hypothesis. The cause of this individual variability in the response to punishment is not known, but in this paper we have outlined some of the critical parameters that are necessary to observe it.
